Background and Aims: The choice of yeast strain(s) to conduct the fermentation can greatly affect wine chemical and sensory profile. Even though the use of non-Saccharomyces co-inocula to build complexity and diversify styles is increasingly in vogue, a limited number of such products are available to date, and more research is required to guide their use in the wine industry. This study evaluates the potential of commercial yeast inocula to modulate the quality of Shiraz wines at two maturity levels. Methods and Results: Vinification outcomes of eight yeast treatments were compared in earlier (24 Brix) and later (29 Brix) harvested Shiraz fruit. Yeast treatments included five non-Saccharomyces products with sequentially inoculated Saccharomyces cerevisiae, a commercial blend of non-Saccharomyces and S. cerevisiae strains, and a S. cerevisiae inoculum. Fermentation monitoring, and comprehensive analytical profiling in terms of basic chemistry, volatile composition, phenolic measurements and descriptive sensory analysis, allowed for the comparison of the resulting wines. Both harvest date and yeast inoculation treatments had a significant impact on a range of compositional and, in turn, sensory parameters of the wines. Conclusions: Certain non-Saccharomyces sequential inoculation treatments led to increased appeal of earlier harvest wines compared to the S. cerevisiae Control. These treatments, however, were related to an increased risk of arrested fermentation in higher ripeness conditions. Significance of the Study: This study contributes to a better understanding of yeast inoculum-derived modulation of Shiraz wine quality parameters at different maturity levels.
Introduction
Alcoholic fermentation is a step of critical importance in oenology, involving the bioconversion of grape sugars, primarily glucose and fructose, to ethanol and CO 2 with a concomitant release of secondary by-products that affect the chemical and sensory properties of the obtained wine. It is generally conducted by Saccharomyces cerevisiae -the 'conventional' wine yeast; however, other species, so-called non-Saccharomyces yeasts, are also involved in the fermentation process. Originally regarded as wine spoilage organisms, these yeasts are now being re-evaluated as positive contributors to wine quality (Jolly et al. 2014 , Padilla et al. 2016 .
Non-Saccharomyces yeasts play an important role in uninoculated fermentation, which is characterised by the coexistence and succession of multiple yeast species and strains. Such a complex metabolic matrix can lead to an increased aroma and flavour diversity and superior wine quality (Domizio et al. 2007 , Varela et al. 2009 , Jolly et al. 2014 , Padilla et al. 2016 ). Due to variable population composition and dynamics, however, and an increased risk of protracted and/or incomplete sugar catabolism and spoilage, this fermentation modality lacks predictability and reproducibility, and has limited industrial applicability (Ciani et al. 2016a) . Consequently, the use of a selected S. cerevisiae starter culture in the so-called inoculated fermentation has become a common oenological practice. In inoculated fermentations, a high density inoculum contributes to the suppression of native microflora, enabling a reliable and timely fermentation with a consistent outcome (Jolly et al. 2014 , Ciani et al. 2016a . This is, however, often seen to result in overall decreased complexity and sensory uniformity of inoculated wines compared to their spontaneously fermented counterparts (Domizio et al. 2007 , Varela et al. 2009 , Jolly et al. 2014 , Padilla et al. 2016 . In attempts to overcome the shortcomings of inoculation while avoiding the risks of its omission, an innovative alternative has been proposed, referred to as the mixed culture fermentation , 2016a , Jolly et al. 2014 . It involves an inoculation of a selected non-Saccharomyces strain, with a simultaneously or sequentially added Saccharomyces culture. In this a way, non-Saccharomyces yeasts, characterised by a limited sugar consumption and sensitivity to various (a)biotic stressors (Renault et al. 2013 , Jolly et al. 2014 , Kemsawasd et al. 2015 , Albergaria and Arneborg 2016 , contribute to the chemical and sensory properties of the wine, while the more competitive Saccharomyces yeasts ensure fermentation completion , 2016a , Jolly et al. 2014 , Albergaria and Arneborg 2016 .
Observations that the inclusion of non-Saccharomyces yeasts in the fermentative medium can positively affect wine chemical and, in turn, sensory profile have led to characterisation of a large inter-and intra-species diversity pool in order to select phenotypes to be used in producing certain wine styles. Indeed, a body of research elucidates the contribution of numerous 'wild' non-Saccharomyces isolates to the production of primary and secondary fermentation metabolites, as well as their modulation of grape-derived aroma and phenolic substances. Accordingly, major alterations in wine analytical parameters obtained in fermentations (partially) conducted by non-Saccharomyces yeasts were reported for ethanol yield , Contreras et al. 2014 , Ciani et al. 2016b ), glycerol concentration , Contreras et al. 2014 , major grape/wine organic acids including acetic acid (Kapsopoulou et al. 2007 , Bely et al. 2008 , Su et al. 2014 ), a wide range of wine volatiles , Sadoudi et al. 2012 , Padilla et al. 2016 , Varela et al. 2016 , yeast-derived polysaccharides , Giovani et al. 2012 , Domizio et al. 2014 , and colour compounds (Benito et al. 2011 , Morata et al. 2012 . It is therefore likely the industry will see an emergence of novel non-Saccharomyces in the near future; however, only a few non-Saccharomyces products are currently commercialised and available for wine production, as opposed to hundreds of Saccharomyces starters. Likewise, compared to extensive research focusing on the evaluation of Saccharomyces yeasts available for winemaking, information on the effect of non-Saccharomyces on the composition of wines from different grape cultivars or wine styles is still scarce.
Shiraz is one of the most widely planted red grape cultivars globally (Anderson and Aryal 2013) , and a choice of yeast strain to conduct the fermentation markedly affects its vinification outcome , Whitener et al. 2017 ). An impact of Saccharomyces inocula on a range of Shiraz compositional parameters, including tannins, other phenolic substances and fermentation (by)products, is well recorded . Conversely, for non-Saccharomyces products, information is thus far limited to the wine volatile profile (Whitener et al. 2017) . Our work therefore extends the knowledge on the inoculum-derived modulation of Shiraz volatile and non-volatile chemical composition, and resultant sensory perception, using the non-Saccharomyces active dry wine yeast products commercially available during the 2015 southern hemisphere vintage. One vinification was undertaken using earlier harvested grapes, generally deemed as suboptimally ripe in terms of their flavour and phenolic profile, yet with a sugar level that translates into a moderate alcohol in wine, increasingly in demand among consumers (Ristic et al. 2016) . We hypothesise that the non-Saccharomyces costarters tested would boost aroma, flavour and mouthfeel of wines produced from the earlier harvested fruit. The subsequent harvest was made at a maturity stage required for the production of full-bodied, intensively flavoured wines better fitting a conventional quality benchmark. High sugar and, consequently, ethanol concentration occurring in such fermentations impose stress on yeasts, thereby compromising fermentation progress and final wine composition (Ribéreau-Gayon et al. 2006 , Ristic et al. 2016 . Non-Saccharomyces inocula in such scenarios, again, potentially represent a way to achieve improved composition, for example due to a decrease in volatile acidity and increase in total acidity (Kapsopoulou et al. 2007 , Bely et al. 2008 , Jolly et al. 2014 , Su et al. 2014 ). This study therefore contributes to the understanding of yeast inoculum-derived modulation of Shiraz wine composition at different maturity levels, allowing for informed strain choice to lead to product diversification, stylistic distinctness and, in turn, positioning in an increasingly competitive global wine market. Brix, pH 3.7, YAN 178 mg/L. The two harvest dates (HDs) were 6 days apart (5/02/2015 and 11/02/2015) suggesting rapid sugar accumulation and a compressed vintage effect. Parcels of randomly distributed fruit containing 12 kg fruit were separately destemmed, crushed and distributed into 20 L plastic fermenters. Eight yeast inoculation treatments, three Torulaspora delbrueckii strains (AL, BI, PR), Lachancea thermotolerans (CO), Metschnikowia pulcherrima (FL), an initially uninoculated treatment (PI), a commercial blend of Saccharomyces cerevisiae, T. delbrueckii and L. thermotolerans (ME) and a S. cerevisiae strain (SC), were established in triplicate at H1 and H2 (Table 1) . Following the addition of 100 mg/L of diammonium phosphate (DAP), must was inoculated with 0.2 g/L active dry wine yeast (ADWY) products rehydrated according to the suppliers' instructions. During fermentation at 24 C, the cap was plunged twice per day, and the ferment was sampled frequently for sugar consumption kinetics. If applicable, S. cerevisiae PDM (Table 1) was sequentially inoculated into the fermentation after 60 h, with additional 100 mg/L DAP supplementation. After 7 days, the must was pressed off from the skins and transferred into 5 L demijohns. Upon fermentation completion/arrest, 50 mg/L of SO 2 (as potassium metabisulfite) was added to the wines. The wines were then racked from gross lees and cold stabilised at 0 C for approximately 3 months. Prior to bottling, free SO 2 was adjusted to 30 mg/L and wines made at later harvest were acid-adjusted with the addition of 1 g/L of tartaric acid. Bottles were stored at 10 C until chemical and sensory analysis.
Materials and methods

Vinification methodology
Chemical analysis
During the course of the fermentation, the rate of sugar consumption was monitored spectrophotometrically using a commercial enzymatic kit (Megazyme, Bray, Ireland) as described in Walker et al. (2014) . Glucose and fructose, ethanol, glycerol, malic, tartaric and acetic acid were quantified by HPLC in centrifuged and filtered (0.45 μm) samples, according to Li et al. (2017) . Calibration curves (R 2 > 0.9999) relating the concentration of analytes and refractive index or optical density measurements were fitted by least squares regression using Chemstation software (Agilent Technologies, Santa Clara, CA, USA). Titratable acidity (TA) and pH were measured with a Radiometer Titralab 90 model (Radiometer, Brønshøj, Denmark) . Wine colour and phenolic substances were determined with the modified Somers method (Mercurio et al. 2007) . A high-throughput version of the methyl cellulose precipitable (MCP) tannin assay (Mercurio et al. 2007 ) was applied to spectrally quantify wine tannin concentration. The volatile composition of the wines was analysed by solid phase microextraction (SPME)-GC/MS. Samples were diluted with water (1 in 2 and 1 in 100) to a final volume of 10 mL, with the addition of 3 g of sodium chloride to each 20 mL vial. Samples were spiked with a mixture of five standards: d13-hexanol (9.2 μg for 1:2 dilution, 0.92 μg for 1:100 dilution; C/D/N Isotopes, Pointe-Claire, QC, Canada); d11-hexanoic acid (9.3 μg for 1:2 dilution, 0.93 μg for 1:100 dilution; C/D/N Isotopes); d16-octanal (0.821 μg for 1:2 dilution, 82.1 ng for 1:100 dilution; C/D/N Isotopes); d9-ethyl nonanoate (0.92 μg for 1:2 dilution, 92 ng for 1:100 dilution); d3-linalool (17.3 ng for 1:2 dilution and 1.7 ng for 1:100 dilution, C/D/N Isotopes). The extraction and chromatographic conditions were identical to those reported in Boss et al. (2015) . The volatile compounds were identified by comparing mass spectra with the US National Institute of Standards and Technology-11 (NIST-11) and the Wiley Registry 9th edition mass spectral libraries. Volatiles were quantified with ChemStation relative to internal standards belonging to the same chemical group using the peak area of an extracted ion. Calibration curves of respective analytes were used to determine concentration of all volatiles except diethyl succinate, which was quantified relative to d9-ethyl nonanoate.
Sensory analysis
Descriptive sensory analysis (Stone and Sidel 2004) of wines was recorded in a purpose-built sensory laboratory approximately 3 months after bottling. The tasting panel consisted of nine female and three male staff members and students from The University of Adelaide with extensive wine sensory descriptive analysis experience. Six training sessions were conducted to generate applicable attributes, to gain familiarity in recognising and scoring them, and to reach consensus scale use. The panel was presented with standards for aroma attributes, hotness, palate fullness, astringency and palate coarseness. Wine appearance terms (colour and depth) were removed when the panel reached a consensus that differences in these attributes were not perceived. A practice evaluation session was held to verify judge performance (using PanelCheck software, Nofima, Tromsø, Norway), to provide feedback and, based on the consensus, to remove nondiscriminating attributes. The wines were then formally evaluated over three sessions, in isolated booths at [22] [23] C with data acquisition with FIZZ software (Version 2.2, Biosystèmes, Couternon, France). All wines were presented as 50 mL samples in covered ISO standard glasses with randomly assigned three-digit codes. Panellists rated 28 attributes (Table S1 ) on a 15 cm unstructured line scale from 0 to 10 marked with anchor points 'low' (10% of the scale), 'medium' (50% of the scale) and 'high' (90% of the scale). To avoid sensory fatigue, panellists were instructed to rinse thoroughly with pectin solution (1 g/L) and rest for at least 1 min between evaluating samples.
Statistical analysis
Basic data processing was undertaken with EXCEL 2010 (Microsoft, Richmond, WA, USA). Data are presented as mean values with standard deviation (SD) from replicate determinations. Two-way ANOVA was performed to assess the effect of harvest date (HD), yeast treatment (YT) and their interaction (IN) on basic chemistry parameters, volatiles and wine colour and phenolics measurements with GraphPad Prism (v6.03v, GraphPad Software, La Jolla, CA, USA). The significance level between measurements was determined separately for each HD using Fisher's least significant difference post-hoc test with significance threshold set at 95%. The concentration of volatiles was visualised in R (v3.3.2, R Development Core Team, Vienna, Austria) with heatmap function, upon data normalisation to set mean as 0 and SD as 1, with a default Euclidean distance and Ward clustering. Panel performance during DA was evaluated with PanelCheck (v1.4.2, Nofima); principal component analysis (PCA) of sensory data was performed using SENPAQ (v6.03, Qi Statistics, Reading, England) . Chemical data and sensory data were subjected to PCA in XLSTAT (v2015.4.1, Addinsoft, Paris, France).
Results
Fermentation kinetics and basic wine chemistry parameters
Differences, due to the yeast inoculum, were observed in the rate and the extent of sugar consumption in Shiraz fermentations (Figure 1) , and in the composition of final Shiraz wines produced form the two harvests (Table 2 ). To better understand the effect of the respective inoculation regime on wine composition, differences were separately (Tables 2,S2 ). In earlier harvested fruit (H1), all treatments led to complete sugar depletion (Figure 1a) , with the duration of fermentation varying from 8 (ME, SC) to 12 days (AL, BI, PR). Even though CO, FL and PI contained a significantly lower sugar concentration at the time of the S. cerevisiae sequential inoculation, fermentation was completed 1 day earlier compared to that of AL, BI and PR. Similarly, the lowest extent of sugar consumption preceding S. cerevisiae inoculation in H2 fermentations was measured for CO and PI, followed by FL. Nonetheless, PI and FL fermentations were completed on day 11, whereas CO fermented to dryness (i.e. sugar concentration < 4 g/L) on day 16 (Figure 1b) . The AL, BI and PR fermentations displayed protracted fermentation, and were terminated on day 20 without reaching completion. The AL and BI H2 wines therefore yielded the lowest ethanol concentration with the highest residual sugar content (Table 2 ). In H1 wines, ME resulted in a significant ethanol decrease of 0.6% (v/v) compared to that of SC, with no further difference seen among the treatments. Glycerol concentration was significantly affected by the yeast inoculation management (P < 0.0001), with FL and PI resulting in the highest glycerol concentration at both HDs (Table 2 ). In H1, the lowest glycerol concentration was found in BI, AL and PR wines, followed by the SC wine. The same Torulaspora delbrueckii inocula (AL, BI and PR) led to lower glycerol concentration than that of other YTs in H2 wines. Conversely, SC wines showed the highest increase in glycerol concentration between the two consecutive HDs; that of 40%. Acetic acid concentration in H1 wines ranged from 0.28 to 0.47 g/L in the FL and CO treatments, respectively (Table 2) . Lachancea thermotolerans also resulted in the highest acetic acid concentration in H2, statistically equivalent to that of the SC treatment. In higher sugar fermentations, the lowest acetic acid formation was observed in BI and PR wines. The other two treatments involving T. delbrueckii inoculation, that is AL and ME, had comparably low acetic acid concentration. The H1 wines showed a large variation in malic acid concentration; CO inoculation regime resulted in 48% lower malic acid concentration compared to that of SC. The latter contained significantly higher malic acid concentration than that of all the other treatments. In H2, the malic acid concentration of SC did not differ from that of AL, CO and PI, and was higher than that of BI, ME and FL. Despite a lower concentration of malic acid, and a similar concentration of tartaric acid, the pH of CO was 0.1 unit lower than that of SC H1 wine.
Volatile profile of sequentially inoculated wines
Thirty-nine volatile compounds were analysed in Shiraz wines (Table 3) . A PCA plot and heatmap (Figure 2 ) provide an overview of the volatile profiles associated with the activity of yeasts inoculated into each treatment at both HDs.
Total acetate esters were significantly affected by the HD, showing an increase with advanced maturity (P < 0.0001; Table S3 ). Conversely, HD did not significantly influence the total ethyl esters; its interaction with YT was, however, significant (P = 0.0063; Table S3 ). Increase in the concentration of total higher alcohols and total terpenes was observed in H2 wines compared to that of H1 wines (Tables 3,S3) , except for ME and SC H2, containing comparable total higher alcohols to that of H1 wines fermented with the same treatment (t-test P values 0.2075 and 0.2362, respectively).
Irrespective of HD, YT showed substantial impact on the production of ethyl esters and the acetates, explaining 76 and 57% of the observed variation, respectively (P < 0.0001, Table S3 ). The main acetates found in the wines were ethyl acetate and isoamyl acetate, accounting for 96% or higher of the total acetate concentration ( Table 3 ). The PI wines had a significantly higher concentration of ethyl acetate than all the treatments except CO H2; SC wines had the lowest concentration. In contrast, ME and PR treatments resulted in the highest concentration of isoamyl acetate, while AL and BI strains produced the lowest concentration at both HDs. Harvest date appeared to have a greater impact on PR, the remaining T. delbrueckii treatment, that is, when applied to the H2 grapes, it significantly increased isoamyl acetate production. Other acetates, albeit constituting a small proportion of the total acetates, showed certain strain specific patterns. For example, PR consistently produced the highest concentration of 2-phenylethyl acetate and hexyl acetate while CO and ME produced a higher concentration of isobutyl acetate than the other treatments.
The major ethyl esters found in the wines were ethyl isobutyrate, ethyl hexanoate, ethyl octanoate, ethyl decanoate and diethyl succinate, differently represented among treatments (Table 3 ). In AL, BI, PR and CO treatments ethyl isobutyrate was the most abundant ethyl ester; followed by ethyl hexanote, ethyl octanoate and diethyl succinate. Ethyl isobutyrate was the ethyl ester found in the highest concentration in ME H1 wine, while in ME H2 its concentration was exceeded by ethyl hexanoate and ethyl octanoate. The latter was also the case for FL wines. The PI and SC treatments had the most ethyl octanoate followed by ethyl hexanoate. Conversely, ethyl heptanoate, ethyl Z-3-hexenoate, ethyl 2-methyl butanoate and ethyl laurate were consistently low in concentration in all treatments. Again, yeast-specific patterns were found in ethyl ester production. For example, ME treatment was particularly linked to an increase in ethyl 2-methyl butanoate, ethyl decanoate and ethyl isovalerate at both HDs. Ethyl heptanoate, albeit present at low concentration, was the only ester that was found to be higher in FL wines than in all the remaining treatments. The AL wines were characterised by the highest ethyl isobutyrate concentration, with a dramatic difference of up to 89% compared to that of the other treatments, and regardless of the maturity level. The remaining wines produced with the sequential inoculation of T. delbrueckii, BI and PR, also contained an increased concentration of ethyl isobutyrate.
Yeast treatment was a variable explaining the most variance in total higher alcohols analysed, that is 67% (P < 0.0001), significantly affecting 13 out of 15 analysed higher alcohols (Tables 3,S3 ). In both harvests FL led to the lowest total higher alcohol concentration, comparable to that of PI and SC in H1 and H2, respectively. Furthermore, FL wines contained a concentration of 1-hexanol lower than that of all remaining treatments, with a decrease ranging up to 22% in H1, and 29% in H2. Total higher alcohol concentration in H1 was the highest in ME wine, consistently related with high formation of 1-heptanol, 1-nonanol, 1-octanol, 2-methyl-1-propanol, 3-methyl-1-butanol. In H2, the highest value of total higher alcohols was observed in BI and AL, equivalent to those found in PR, CO and ME. In all treatments except ME and SC, an elevated concentration of phenylethyl alcohol was largely responsible for the increased total higher alcohol concentration in H2 wines. In fact, an increase in phenylethyl alcohol was observed in wines produced from H2 grapes for all YTs except SC, ME and FL.
The T. delbrueckii treatments (AL, BI and PR) were associated with an elevated concentration of total terpenes in both harvests, while FL, SC and ME had a comparatively lower concentration of total terpenes (Table 3 ). The concentration of nerolidol, the most abundant terpene, was elevated in all three treatments initially inoculated with T. delbrueckii. This was not the case with linalool, which was present at a concentration in AL and BI higher than that of all the other treatments including PR. The AL wines showed the lowest concentration of hexanoic acid, followed by the BI treatment. The SC, ME and FL wines, in contrast, had a concentration of hexanoic acid relatively higher than that of the other treatments; this being the case with H1 and H2 grapes.
Certain YTs resulted in wines with a more consistent volatile profile irrespective of the HD (Figure 2 ). For instance, FL wines made at different maturity levels were more similar to one another than to any other YT (Figure 2a ). Conversely, treatments PR and CO gave distinct profiles when comparing H1 to H2 for the same treatment. Along PC1 (Figure 2b ), a co-localisation of T. delbrueckii co-inocula (AL, BI, PR) is apparent, driven primarily by the increase in ethyl isobutyrate, linalool, nerolidol, phenylethyl alcohol and 2-heptanol. The remaining treatments, except CO H2, are separated on the opposite side of the plot, as are all the major ethyl esters except ethyl isobutyrate, that is ethyl hexanoate, ethyl nonate, ethyl decanoate and diethyl succinate. Positioning of H2 treatments above H1 treatments indicates the variability related to HD described by PC2.
Wine colour and phenolic substances
Harvest date had a significant effect on all phenolic substances and colour parameters, except for wine hue (Table 4) . Wines produced from H2 had a higher concentration of tannin, anthocyanin and phenolic substances and a higher colour density.
Significant influence of the YT was observed for all the tested parameters, including the wine tannin concentration (P = 0.0008, Table 4 ). At H1, the SC Control resulted in a tannin concentration higher than that of the other YTs, with the increase ranging from 16 (AL) to 24% (BI). Tannin concentration in H2 SC wines was higher than that in PR, CO, PI and FL wines, and comparable to that in BI, AL and ME wines.
Wine colour density was also significantly affected by the yeast inoculation regime (P < 0.0001, Table 4 ). Interestingly, all three T. delbrueckii strains (AL, BI, PR) resulted in the lowest colour density of H1 wines. Only ME, a yeast blend containing the same species, had a comparable low colour density. The PR H2 wines had the lowest colour density as well, which was not the case with remaining two T. delbrueckii treatments, whereas FL and PI treatments had the highest colour density for both HDs. The PI wine consistently had the lowest wine hue value, indicating a more pronounced shift towards younger blue-purple hues. Phenolic substances in H1 wines were between 8 and 9% higher in the BI treatment compared to the PR, AL and FL treatments, and no further significant differences were seen among the remaining treatments (Table 4 ). More variation was observed in the H2 wines, with the SC treatment resulting in a concentration of phenolic substances significantly higher than that of CO, ME and PR. The PR wines were characterised by the lowest concentration of phenolic substances, anthocyanin and non-bleachable pigment (Table 4) . Similar trends were observed for ME, and an opposite trend for PI wines. Compared to the SC Control, anthocyanin concentration was 6% higher in CO wines and 7% higher in PI wines in H1 and H2, respectively. Inoculation FL led to a 57% increase in stable colour formation measured as the non-bleachable pigment compared to that of PR, BI and ME wines at H1. The second HD resulted in AL and BI wines with the highest non-bleachable pigment concentration, which was, along with that of FL, significantly higher compared to the SC Control treatment.
Descriptive sensory analysis
A significant difference was found in the intensity rating for 22 out of 28 attributes evaluated in Shiraz wines (Table S4 ). The sensory data for the significantly different attributes were subjected to PCA, with the first two PCs accounting for 61.8% of the total variation in the samples (Figure 3) . Along PC1, which explained 40.9% of the variance, wines showing increased astringency, hotness, surface coarseness, bitterness, acidity, vegetal flavour, savoury and earthy aroma/ flavour were separated from those characterised by higher sweetness, palate fullness and aroma and flavour intensity, with floral, fruity, confectionery, jammy, spice and licorice aroma/flavour. A clear separation of wines based on their HD can be observed along PC2, accounting for 20.9% of variance. Among H1 wines, the SC wines were perceived as the most acidic and vegetal, whereas the AL, BI, ME and FL wines were seen as more floral, confectionery, fruity and spicy. A differentiation can also be noticed in H2 wines; FL, PI, SC and ME being related to surface coarseness, hotness and astringency, and AL, BI and PR, showing palate fullness, sweetness, and jammy and confectionery flavour. The relationship between the sensory and chemical profile of wines was visualised on a PCA biplot (Figure 4) , incorporating sensory data (active variables) and chemical data (supplementary variables), with a correlation matrix provided as supporting data (Table S5) . Although mixed classes of volatiles were represented along PC1, certain patterns could, again, be observed, for example co-grouping of the majority of the ethyl esters on the left side of the plot, separately from ethyl isobutyrate on the right. The PC2 appeared to be highly related to the measurement of phenolic substances and colour, and negatively correlated to Z-3-hexenol. Figure 1 . Effect of the (a) earlier and (b) later harvest dates and yeast treatment on the sugar (glucose + fructose) consumption kinetics in Shiraz must fermented with Torulaspora delbrueckii strains AL ( ), BI ( ), PR ( ); Lachancea thermotolerans CO ( ); Metschnikowia pulcherrima FL ( ); an initially uninoculated treatment PI ( ); a commercial blend of Saccharomyces cerevisiae, T. delbrueckii and L. thermotolerans ME ( ); and a S. cerevisiae strain SC ( ). Sequential inoculation of S. cerevisiae to treatments AL, BI, CO, FL and PI (day 3) is indicated with an arrow.
Discussion
The use of selected non-Saccharomyces yeast to partially conduct the fermentation has become increasingly popular, as a mean to build wine complexity and diversify styles (Jolly et al. 2014) . To date a limited number of non-Saccharomyces products is available on the market, and more research is required to guide their use by the wine industry. In this study, we applied a sequential inoculation modality with three commercial strains of T. delbrueckii, and one strain each of M. pulcherrima and L. thermotolerans. In order to ascertain that observed differences can be attributed to the respective yeast inoculation, rather than to any other strain(s) found on the grapes, we included a postponed inoculation with the fermentation, initiated by the naturally present microflora. We opted for a time-point as a criterion for a second inoculation, as a critical factor in cellar management during, and post, fermentation (Ribéreau-Gayon et al. 2006) . Another tested non-Saccharomyces treatment was the commercial blend of T. delbrueckii, L. thermotolerans and S. cerevisiae. These were all compared to a S. cerevisiae monoculture of PDM, a strain widely used in the industry. The resultant wines differed in their composition and sensory attributes, indicating the effectiveness of the yeast inoculation treatment. We hereby present a comprehensive dataset generated to determine the effect of non-Saccharomyces inocula on the chemical and sensory profile of Shiraz wines produced at two grape maturity levels.
Yeast interactions and alteration of wine composition
Timely and reliable completion of fermentation is of critical importance in winemaking. Novel inoculation regimes that include the use of non-Saccharomyces yeasts generally display slower fermentation; alteration of wine composition and an increase in quality are seen to compensate for the delay. Lengthier fermentation observed for sequential inoculation treatments was therefore not surprising. Intriguing was the fact that T. delbrueckii treatments (AL, BI and PI) showed delayed completion of fermentation compared to other non-Saccharomyces treatments in H1, and its arrest in the H2 wines. As the nitrogen source was supplemented concomitant to S. cerevisiae addition, it is unlikely that nitrogen deficiency was the cause for the displayed kinetics. The acclimation of sequentially inoculated S. cerevisiae to physicochemical conditions in the commenced ferment, for example the concentration of ethanol already formed or anaerobiosis, might partially explain this discrepancy. It can be assumed, however, that the effect of additional interaction between the yeasts and/or produced metabolites (other than ethanol) were the cause for the displayed kinetics. This is also supported by the fact that H2 L. thermotolerans treatment (CO) finished fermentation 5 days later than two other treatments, that is FL and PI, with comparable sugar content consumed prior to S. cerevisiae addition. Indeed, rather than co-existing passively, yeasts in fermentation display various interactions (Renault et al. 2013 , Jolly et al. 2014 , Kemsawasd et al. 2015 , Albergaria and Arneborg 2016 , Ciani et al. 2016a . Saccharomyces cerevisiae is known to negatively affect cell proliferation and survival of non-Saccharomyces species via mechanisms including cell-cell contact and microbial peptide secretion, as described for T. delbrueckii (Renault et al. 2013 ) and L. thermotolerans (Kemsawasd et al. 2015) . The potential effect of non-Saccharomyces on S. cerevisiae also cannot be excluded. Renault et al. (2013) , however, observed a positive effect of T. delbrueckii on Table 2 . Effect of harvest date and yeast treatment on the composition of Shiraz wines. S. cerevisiae when separated, and no effect in their co-culture. Stuck and sluggish multi-starter fermentations were, in contrast, previously reported (Ciani et al. 2006) . It is therefore plausible that, in our study, observed fermentation kinetics imply a negative effect of tested T. delbrueckii and L. thermotolerans strains on S. cerevisiae, in particular for H2 wines. Such negative interactions were absent in the case of M. pulcherrima (FL) and microflora present on grapes (PI). Interaction mechanisms are undoubtedly extremely complex, and strain-and condition-dependent, and potentially exacerbated by higher sugar-related H2 conditions (Blomberg and Adler 1989, Ribéreau-Gayon et al. 2006 ). This phenomenon may offer an explanation for the increase in glycerol concentration between the two consecutive harvests, in particular the glycerol excess in SC H2 treatment (Table 2 ). High glycerol concentration in PI and FL treatments agrees with reports that uninoculated fermentations and co-fermentations with some non-Saccharomyces, including M. pulcherrima, generally produce more glycerol than S. cerevisiae monoculture , Contreras et al. 2014 , Jolly et al. 2014 , Varela et al. 2016 . While glycerol formation in S. cerevisiae is linked to acetic acid production, this is not the case for some non-Saccharomyces (Ribéreau- Gayon et al. 2006 , Bely et al. 2008 . Low volatile acidity production is, in particular, considered a general trait of T. delbrueckii (Bely et al. 2008 , Jolly et al. 2014 . Accordingly, H2 S. cerevisiae wine had an acetic acid concentration higher than that of all the other wines, except CO, whereas T. delbrueckii treatments yielded the lowest acetic acid concentration. Acids other than acetic are affected by yeasts during the fermentation, of which malic acid is in general the most abundant in grape juice/must (Ribéreau-Gayon et al. 2006 , Su et al. 2014 ). Malic acid is related to 'harsh' wine sensory descriptors, and is known to decline during grape ripening (Ribéreau-Gayon et al. 2006 , Su et al. 2014 . Schizosaccharomyces pombe is the only yeast species capable of fully metabolising malic acid during fermentation, while other yeasts can be involved in either its partial degradation or an increase in concentration, depending on the strain and conditions (Kapsopoulou et al. 2007 , Jolly et al. 2014 , Su et al. 2014 , Benito et al. 2015 . The lowest malic acid concentration was measured in CO H1 wine, followed by FL and PI (Table 1) . A potential contribution of other microorganisms on grapes cannot be excluded as the fermentation was non-sterile. The fact, however, that CO contained a significantly lower concentration of malic acid than that of the initially uninoculated treatment PI (theoretically allowing for the most prolific native microbial activity) suggests that differences in malic acid concentration were attributable to the yeast inoculation regime. Lachancea thermotolerans was, in fact, previously reported to be capable of reducing the initial malic acid concentration by up to 0.42 g/L (Kapsopoulou et al. 2007) , and the same strain as used in our study previously led to the lowest malic acid concentration compared to other inocula in Sauvignon Blanc (Beckner Whitener et al. 2016 ) and Shiraz wines (Whitener et al. 2017) . The lower pH value of the CO H1 wine could have been influenced by the formation of other organic acids that were not quantified in the study, primarily lactic acid, production of which is a trait of L. thermotolerans (Kapsopoulou et al. 2007 , Jolly et al. 2014 , Su et al. 2014 , Benito et al. 2015 . The same effects, however, were not observed in H2.
Our findings, related to fermentation performance and basic chemical profile of the wines, highlight the necessity for further fundamental studies focusing on performance and interactions of oenological yeasts, along with a validation under commercial winemaking conditions, in order to optimise inoculation regimes and select mutually compatible strains to guarantee the target wine style.
Discernible volatile profiles of wines produced
Wine volatile flavour and aroma profile is shaped by several viticultural and oenological inputs. Of these, both grapederived precursors, altered in composition and concentration throughout ripening, and the yeast strains used for fermentation, significantly define final wine aromatic makeup (Ribéreau-Gayon et al. 2006 , Bindon et al. 2013 , Padilla et al. 2016 , Whitener et al. 2017 . As seen elsewhere (Bindon et al. 2013 ), in the current study greater ripeness generally favoured the production of yeastderived volatiles (Table 3) . Depending on the YT, however, volatile profiles of the wines were either similar or quite different between the two HDs (Figure 2a) .
The majority of the 39 compounds analysed (Table 3 ) were esters. Production mechanisms of these yeast-derived metabolites imparting 'fruity' aromas are well documented for S. cerevisiae (Sumby et al. 2010 ), but less so for the nonSaccharomyces species and strains. Overall, wines cofermented with non-Saccharomyces showed altered composition and/or an increase in ester concentration, which was particularly evident in T. delbrueckii treatments. Such findings are in contrast with those of Whitener et al. (2017) , who observed that T. delbrueckii wine volatile composition lacked a distinct pattern when compared to that of other treatments. Of the T. delbrueckii treatments, AL and BI showed highly similar volatile profiles within each HD, different from PR, which appeared to be more affected by HD (Figure 2a) . Strain-dependent ester production has previously been described for T. delbrueckii (Renault et al. 2009 ). Nonetheless, ethyl isobutyrate was consistently overproduced in all three T. delbrueckii sequential inoculations at both HDs. Ethyl isobutyrate has recently been identified as an activity/growth marker for T. delbrueckii, and typically increases in concentration in pure and sequential cultures (Renault et al. 2015) . Furthermore, an increase of ethyl heptanoate in both FL fermentations is suggestive of its role as a M. pulcherrima metabolic marker. Whilst ethyl heptanoate has been omitted from some studies featuring volatile profiling of M. pulcherrima cofermented wines (Padilla et al. 2016 , Varela et al. 2016 , an overproduction of this ester has been observed in wines sequentially fermented with two other Metschnikowia species, that is M. chrysoperlae and M. fruticola (Liu et al. 2017) .
The second most abundant group of volatile analytes in the current study was the higher alcohols. These wine (off ) flavour compounds, primarily derived either from amino acids (Ehrlich pathway) or grape hexoses (anabolic synthesis), are complexing at low concentration, and at high concentration are a fault (Hazelwood et al. 2008) . 3-Methyl-1-butanol and 2-phenyl alcohol were the most important and abundant wine aromatic alcohols, imparting fusel and rose aroma, respectively (Table 3) . Trends in 3-methyl-1-butanol concentration comparing the different YTs were consistent: FL, PI and SC resulted in comparatively lower, and CO and ME in higher, concentration than that of most treatments at both HDs. The consistent trend was not the case for phenylethyl alcohol, which decreased with increasing ripeness in SC, ME and FL wines, as opposed to an increase in the remaining wines. Moreover, phenylethyl alcohol was particularly high in wines with arrested fermentation, that is AL and BI, followed by PR, H2 wines. Given the demonstrated role of phenylethyl alcohol in yeast quorum sensing (Hazelwood et al. 2008 , Zupan et al. 2013 , Avbelj et al. 2016 , a phenomenon through which individual microbial cells regulate their phenotype and adapt to environmental changes (Avbelj et al. 2016) , it is worth further exploring whether the phenylethyl alcohol overproduction was related to stressful conditions leading to fermentation arrest. Previously, an increase in phenylethyl alcohol was generally attributed to mixed non-Saccharomyces and Saccharomyces fermentations , Sadoudi et al. 2012 , Jolly et al. 2014 , Padilla et al. 2016 ) rather than their respective monocultures (Sadoudi et al. 2012) . Furthermore, major differences were observed in the terpene concentration. The discrimination of yeast inoculation treatments based on the quantification of 34 out of 39 significantly differing volatiles accounted for 54% of variance for first and second principal components. AL, BI, PR, Torulaspora delbrueckii strains; CO, Lachancea thermotolerans; FL, Metschnikowia pulcherrima; PI, an initially uninoculated treatment; ME, a commercial blend of Saccharomyces cerevisiae, T. delbrueckii and L. thermotolerans; and SC, a S. cerevisiae strain.
Terpenes, predominantly originating from grapes, are released and modulated by microbial activity, although modest de novo synthesis by yeasts has been reported (Carrau et al. 2005) . The AL, BI, PR treatments possessed an elevated concentration of terpenes, potentially due to strong β-glucosidase activity as a general trait of T. delbrueckii strains (Renault et al. 2009 , Padilla et al. 2016 .
Altogether, observed differences appear to be reflective of different metabolic activities and regulation between the evaluated yeast species and strains, of a S. cerevisiae strain inoculated in a differently initiated fermentation, and of resulting microbial interactions. Fundamental research, as conducted to date for S. cerevisiae (Hazelwood et al. 2008 , Sumby et al. 2010 , is required to characterise the known and/or possibly novel pathways of aromatic compound synthesis in non-Saccharomyces yeasts.
Phenolic substances and wine colour
Given their major role in red wine aesthetics, flavour, mouthfeel and wine grade (Ribéreau-Gayon et al. 2006 , Mercurio et al. 2010 ), a range of measurements assessing the concentration of phenolic substances and colour was determined in Shiraz wines. An increase in the concentration of phenolic substances and in wine colour was observed in H2 wines, congruent with well-established patterns of their development and accumulation in grape skins during berry ripening (Ribéreau-Gayon et al. 2006 , Bindon et al. 2013 , Li et al. 2017 . Less is known about yeast-derived effects and underlying mechanisms of mediation of the aforementioned wine chemical parameters. Arguably, yeast effects are comparatively less pertinent than grape-derived determinants, but as strongly suggested by our results, these are considerable. Different yeast inoculation regimes resulted in wines of significantly discernible phenolic and chromatic profile when identical cap management and duration of skin contact were applied.
Tannin concentration in wines was significantly affected by YT at both HDs. The extraction and retention mechanisms of these macromolecules under winemaking conditions are still not fully understood. The ethanol-mediated extraction is emphasised in the literature (Canals et al. 2005) , much as is the physical breakdown of grape solids (Busse-Valverde et al. 2010) . Fitting the yeast influence into these models is far from accomplished. As mentioned, SC treatment resulted in higher tannin concentration compared to that of the remaining treatments in H1 wines (Table 4) . Given the fermentation kinetics and ethanol concentration formed by the time-point when the fermentations were pressed off skins (Figure 1a) , tannin concentration in H1 wines was accordant with the ethanolassisted extraction model in all treatments, except ME. Despite a similarity in the fermentation kinetics, the ME treatment resulted in a lower final tannin concentration than that of SC. A deviation from the ethanol-assisted tannin extraction hypothesis was even more evident in H2 wines, where the tannin concentration of the SC wine was similar to that of ME, AL and BI wines (Table 4) . The SC and ME wines had similar sugar consumption/ethanol formation kinetics for H2, different to that of AL and BI (Figure 1b ) resulting in incomplete fermentation and thereby lower final ethanol concentration (Table 2 ). This indicates a more complex mechanism of tannin extraction and retention during and post-fermentation on skins than that explained by the ethanol-mediated extraction hypothesis. Such findings agree with Carew et al. (2013) , who observed a discrepancy between final tannin concentration in Pinot Noir wines and the respective yeast fermentation kinetics. Among alternative explanations for the difference in tannin concentration, Carew et al. (2013) discussed breakdown of grape solids, differential fining of phenolic compounds by yeasts, and expression levels of enzymatic activity. With regards to the latter, potential differential secretion of other enzymes contributing to tannin release (e.g. β-glucosidase, proteolytic enzymes, pectinase) by different yeast strains , Jolly et al. 2014 , Padilla et al. 2016 , and by the same strain under different conditions, might have also contributed to the differences observed in the current study.
Different S. cerevisiae strains were reported to vary based on their tannin binding affinity (Mazauric and Salmon 2006, Sidari et al. 2007 ). Besides interacting with yeast cell walls, primarily via mannoproteins, glucans and chitins (Salmon 2006) , tannins were reported to interact with the plasma membrane and cytoplasmic components upon diffusion through non-viable yeast cell walls (Mekoue Nguela et al. 2015) . Furthermore, the tannin binding capacity of yeast can be strongly affected by the composition of the fermentation medium (Rinaldi et al. 2016) . For instance, medium supplements overrode differences attributable to yeast strain, with the mean absorbed tannin concentration almost doubled upon vitamin and peptone enrichment (Rinaldi et al. 2016) . Differences in yeast cell morphology, especially cell wall and the plasma membrane composition/structure, and response to differences in medium composition arising from HD might have also played a role in yeast-derived mediation of wine tannin concentration. Our findings highlighted the need for further research on such factors among and within different species of wine-related yeasts.
In addition to tannin concentration, YT significantly influenced the colour profile and other phenolic substances measured in the wines. Yeasts are known to affect wine colour in several ways, one of which, is the adhesion/adsorption of pigmented compounds to yeast cells (Mazauric and Salmon 2006, Sidari et al. 2007) . A differential binding affinity to the cells of tested strains was likely to contribute to differences in wine colour and concentration of phenolic substances. Indeed, a variation in lees colour intensity was observed visually, albeit not measured instrumentally. While some insight is available for phenolic fining by S. cerevisiae wine strains (Mazauric and Salmon 2006, Sidari et al. 2007) , less is known about the extent of that diversity among species and strains of non-Saccharomyces yeasts. Furthermore, extracellular enzymatic activity, primarily glycosidase and pectinase, differentially expressed in wine yeast species and strains , Jolly et al. 2014 , Padilla et al. 2016 , might have impacted parameters defining phenolic substances and chromatic wine profile. Finally, as phenolic substances bind to yeast metabolic by-products, primarily pyruvic acid and acetaldehyde, certain non-Saccharomyces strains have been proposed to be used for colour stabilisation due to increased stable pigment formation (Benito et al. 2011 , Morata et al. 2012 . Metabolic activity clearly varies between species, strains and their co-existence, and is dependent on medium composition. Different production rates and final concentration of metabolites that were not measured (e.g. pyruvic acid and acetaldehyde) might therefore account for some variation between YT within the same HD, as well as differences when the same YT was applied to another HD. Interestingly, PR treatment was consistently related to lower concentration of phenolic substances and to lower colour measurements at both HDs, whereas the remaining two T. delbrueckii treatments, AL and BI, showed more variability. Our results thus suggest an intraspecific diversity among T. delbrueckii strains with regards to their effect on wine phenolic and colour profile, as observed for the profile of wine volatiles. Such observations warrant further investigation, with a controlled experimental and instrumental set-up allowing for the quantification of phenolic substances absorbed by yeasts after monitoring their population dynamics and estimating cell surface, in conjunction with metabolite production and enzymatic activity determination, and the assessment of the interrelation of the variables in a given medium.
Effects of non-volatile and volatile compounds on wine sensory perception
Substantial literature highlights compositional particularities of wines obtained with non-Saccharomyces co-inocula under different fermentative conditions (Ciani et al. 2006 , Kapsopoulou et al. 2007 , Bely et al. 2008 , Sadoudi et al. 2012 , Contreras et al. 2014 , Varela et al. 2016 . Sensory implications, however, are not always clarified. In some studies the sensory aspect is lacking, whilst in others the methodology employed does not allow for detailed wine profiling and comparison. To broaden such understanding, we hereby present an extensive descriptive analysis dataset obtained by a well-trained panel.
A noticeable differentiation of wines from the two HDs was congruent with overall compositional analysis. As expected, taste attributes were relatively simple to define and explain in relation to certain aspects of wine composition. For example, residual sugar concentration was positively correlated with 'sweetness' perception (R = 0.95; Table S5 ), and negatively correlated with 'acidity' (R = −0.90) and 'bitterness' (R = −0.74). Lack of clear relationship between 'acidity' and pH/TA is potentially linked to fluctuations due to acid adjustment and alterations during stabilisation, whereas further analysis of other aspects of wine composition, for example polysaccharides, might give more insight into the 'bitterness' perception (Mercurio and Smith 2008) . Regarding palate sensation attributes, a clear relationship between 'hotness' and ethanol concentration was observed (R = 0.84), as documented in studies incorporating progressive grape ripening (Heymann et al. 2013 , Bindon et al. 2014 , Li et al. 2017 . Increasing residual sugar, ethanol and tannin concentration were positively associated with 'palate fullness', whereas both 'astringency' and 'palate coarseness' were positively correlated with tannin concentration. 'Astringency' also positively correlated with colour density, phenolic substances, anthocyanin and polymeric pigment, as well as ethanol and glycerol concentration, reflective of increased grape ripeness. Higher perception of astringency with increasing tannin concentration is well established (Mercurio and Smith 2008) , and its link to measurement of some other phenolic substances such as polymeric pigment has also been reported (Bindon et al. 2013) . Further quantification and characterisation of wine macromolecules, primarily tannins and polysaccharides (Mercurio and Smith 2008) , could explain subtly perceived differences, particularly within the same HD.
Interactions between volatile and non-volatile compounds are complex and matrix-dependent, and the effect of volatile profile on aroma/flavour perception was thus less conclusive. Nonetheless, certain correlative, although not necessarily causative, relationships between variables warrant highlighting. First, the AL H1 wine was scored the highest in the attributes aroma intensity, red fruit and confectionery, while the SC H1 wine was perceived as the most vegetal. A compound likely to contribute to such perception is ethyl isobutyrate, most pronounced in the AL H1 wine. Ethyl isobutyrate was recently reported as a T. delbrueckii activity marker, conferring strawberry and red fruit sensory notes (Renault et al. 2015) . Fruity esters are known to mask vegetative, generally undesired, notes in wines (Escudero et al. 2004) , and variations in their composition elicit significant aroma alterations (Pineau et al. 2009 ).
As hypothesised, modulation of volatile profile seen in certain non-Saccharomyces treatments thus potentially led to aroma/flavour enhancement of earlier harvested wines. In contrast, an impacting factor in the aroma perception of AL, BI and PR H2 wines was, certainly, residual sugar, known to cause an increased concentration of volatiles in the headspace (Robinson et al. 2009 ). When comparing the grouping of wines based on their volatile profile compared to grouping based on sensory perception, a correspondence can be observed if the wines from different YTs were produced within the same HD. For example, AL and BI H1 wines were characterised by both similar volatile and sensory profile, and thus closely clustered on two PCA biplots (Figures 3-4) , separately from, for example, the SC H1 wine. Certain wines, however, produced with the same YT, but from a different HD were seen as different despite their close GC-MS volatile profile. In this case, changes in ethanol concentration are likely to have largely influenced the behaviour of volatiles in the wine liquid phase and the headspace. Increasing ethanol concentration generally leads to aroma/flavour dampening Figure 3 . Principal component (PC) analysis biplot of sensory data ( ) for Shiraz wines produced with eight yeast treatments ( ) using earlier (H1) and later (H2) harvested fruit. AL, BI, PR Torulaspora delbrueckii strains; CO, Lachancea thermotolerans; FL, Metschnikowia pulcherrima; PI, an initially uninoculated treatment; ME, a commercial blend of Saccharomyces cerevisiae, T. delbrueckii and L. thermotolerans; and SC, a S. cerevisiae strain. (Table 1 ) using earlier (H1) and later (H2) harvested grapes. AL, BI, PR Torulaspora delbrueckii strains; CO, Lachancea thermotolerans; FL, Metschnikowia pulcherrima; PI, an initially uninoculated treatment; ME, a commercial blend of Saccharomyces cerevisiae, T. delbrueckii and L. thermotolerans; and SC, a S. cerevisiae strain. The concentration/measurement of respective analytes are coded as: 1, ethyl acetate; 2, ethyl isobutyrate; 3, isobutyl acetate; 4, ethyl butyrate; 5, ethyl 2-methyl butanoate; 6, ethyl isovalerate; 7, 2-methyl-1-propanol; 8, isoamyl acetate; 9, 1-butanol; 10, 3-methyl-1-butanol; 11, ethyl hexanoate; 12, isoamyl butanoate; 13, hexyl acetate; 14, 2-heptanol; 15, ethyl heptanoate; 16, 1-hexanol; 17, Z-3-hexen-1-ol; 18, octanoic acid methyl ester; 19, ethyl octanoate; 20, 1-octen-3-ol; 21, 1-heptanol; 22, linalool; 23, 1-octanol; 24, ethyl decanoate; 25, 1-nonanol; 26, diethyl succinate; 27, 3-methylthio-1-propanol; 28, beta-citronellol; 29, ethyl phenyl acetate; 30, 2-phenylethyl acetate; 31, hexanoic acid; 32, ethyl laurate; 33, phenylethyl alcohol; 34, nerolidol. A, anthocyanin; AA, acetic acid; E, ethanol; G, glycerol; H, hue; MA, malic acid; PP, non-bleachable pigment; PS, phenolic substances; S, residual sugar; T, tannin; WCD, wine colour density.
due to decreased volatility of compounds (Robinson et al. 2009 ), potentially explaining the observed discrepancies. For example, FL H1 and H2 wines showed the closest volatile profile, yet were perceived differently, with significantly lower scores in aroma intensity, red fruit, spice, floral, and pepper for H2 compared to H1 wines.
Conclusion
Our results show marked matrix-based modulation of wine sensory perception that is reflective of grape HD, but yeast inoculum-derived differences observed in the chemical composition of wines are also apparent. Of particular interest is the increase in intensity of descriptors generally regarded as more appealing in earlier harvest wine profiles obtained by certain non-Saccharomyces co-inocula compared to that of a S. cerevisiae Control, and the chemical basis for such perception in terms of increased production of aromatic compounds. Further validation across a range of conditions is required to confirm such claims, but at the moment nonSaccharomyces yeast appear to be a valuable tool to optimise the quality of wines made from earlier harvests, as might occur with efforts to modulate wine ethanol concentration.
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